The Waveform and Sonicboom Perception and Response (WSPR) Program conducted in California in November 2011 was designed to test and demonstrate the applicability and effectiveness of techniques to gather data relating human subjective response to multiple low-amplitude sonic booms. It was a practice session for future wider scale testing of communities, eventually using a purpose built low-boom demonstrator aircraft. The WSPR program addressed the following: design and development of an experimental design to expose people to low-amplitude sonic booms; development and implementation of methods for collecting acoustical measures of the sonic booms in the neighborhoods where people live; design and administration of social surveys to measure people's reactions to sonic booms; and assessment of the effectiveness of various elements of the experimental design and execution to inform future, wider-scale testing. Sonic Boom data was measured during the WSPR experiment. Sonic booms were created by planned NASA F-18 flights and by unplanned Edwards AFB operations. A power interpolation technique was developed to predict loudness metrics at the participant households. An assessment of the suitability of using PCBoom in conjunction with the low-boom dive maneuver, for the purposes of designing future sonic boom testing over large communities, is described.
INTRODUCTION
The NASA sponsored Waveform and Sonicboom Perception and Response (WSPR) Program was designed to test and demonstrate the applicability and effectiveness of techniques to gather data relating human subjective response to multiple low-amplitude sonic booms [Page, 2012] . It was in essence a practice session for future wider scale testing on non-acclimated communities, using a purpose built low-boom demonstrator aircraft. The project team was led by Wyle and includes experienced researchers at The Pennsylvania State University (PSU), Tetra Tech and Gulfstream Aerospace Corp. The low-boom community response pilot experiment was conducted in California from November 4-21, 2011. The WSPR team acquired sufficient data to assess and evaluate the effectiveness of the various physical and psychological data gathering techniques and analysis methods. WSPR obtained sufficient information to prepare an OMB application for future experiments to gather low-boom general public community response data.
The WSPR experiment involved exposing subjects living in the Edwards Air Force Base (EAFB) Housing area to two weeks of low-amplitude sonic booms while recording their responses via structured surveys. NASA F-18s were flown using a low-boom dive maneuver in order to create sonic boom N-waves with varying intensities ranging from a few tenths of a psf to approximately 1 psf. A schedule of sonic boom exposure was designed covering a DNL range from 10 to 37 dB and a CDNL range from 42 to 58 dB. The experiment also provided for subject response to multiple sonic booms while providing continuity with prior impulsive noise social response studies. The experiment required extensive collaboration between NASA Flight Operations and the WSPR team.
The design was constructed from combinations of Low (0.13 psf), Medium (0.33 psf) and High (0.53 psf) sonic booms with paired days of similar daily exposure and differing numbers of booms, and similar numbers of booms but differing daily exposures. This noise exposure design balanced DNL exposure across test days, the number of Low, Medium and High booms across the full design, the separation of booms between morning and afternoon flight sequences, and the distribution of booms among the sequences. It also provided flexibility for day-of-flight modifications by substituting daily flight operations depending on weather conditions or other factors. The data from the low-boom field test provides a measure of the acceptance of low-booms in an acclimated community. It also allows a comparison with the findings of previous studies (Figure 1) . 
WSPR EXPERIMENTAL DESIGN AND EXECUTION
Social surveys were designed for WSPR to collect subjective responses to sonic booms. Subjective data was collected before, during and after the test period to support analysis and assess methods of data collection. Survey instruments consisted of a baseline survey, single event survey and daily summary survey. Baseline surveys were administered via telephone interviews. Three modes of administration were utilized for both the single event and daily summary surveys: paper/pen, web-based and mobile (Apple) device. Following IRB review and approval, subject recruitment was coordinated closely with EAFB personnel and conducted during the months of July, August and September 2011. Subjects were randomized (to the maximum extent possible) to the three modes of survey administration.
The WSPR low-boom noise design survey included a question on strength of annoyance, followed by questions on the strength of perception of five additional variables that contribute to the annoyance response. The WSPR surveys relied on an 11-point (0 to 10) scale ("not at all" to "extremely"). The questions gathered data on six dimensions of subjective response to noise, focusing on reactions that are most appropriate for impulsive noise events. These six dimensions include: annoyance, loudness, interference, startle, vibration, and rattle. The wording of questions, response scale, and the order in which the reactions are solicited follow guidelines for social measurement recommended by The International Commission on the Biological Effects of Noise (ICBEN) (Fields, et al 2001) .
The WSPR experiment recorded 110 sonic boom events at the community housing and dormitory area at EAFB. During the course of the experiment, EAFB and China Lake supersonic training operations created additional non-WSPR sonic booms in the subject area. The resultant as-flown sonic boom noise exposure is shown in Table 1 . Note in particular Test Day 8, with 18 non-WSPR booms and the resultant 67.3 dB CDNL exposure. Thirteen noise monitors were deployed in the area to measure the acoustic signatures of these booms. Twelve monitors were placed in the main housing area and another monitor was dedicated to the dormitory area located 3 km away. Figure 2 shows an aerial photo of the area with the locations of the noise monitors represented by the letters a through m with m being the monitor located in the dormitory area. Lines connect the noise monitor's letter with a boom recorded during the measurements. The main goal of the analysis of the measured booms was to calculate their acoustic metrics and estimate those metrics at participant households. The following section details how the effectiveness of this process was determined and how these results might affect the placement of noise monitors in a larger community. 
METRIC INTERPOLATION METHOD AND EFFECTIVENESS
An inverse distance weighting interpolation scheme [Shepard, 1968] was employed to estimate the boom metrics at participant households. Because the noise monitor at the dormitory was so far removed from the housing area it was not used in the interpolation process. The dormitory monitor was used exclusively for identifying the boom metrics of participants living in the dormitories. As can be seen in Figure 2 , there is variation in waveform shape due to turbulence. In order to determine the effectiveness of the interpolation scheme one must first understand the confidence in the measurements.
As generally observed in measurements of sonic booms [e.g., Plotkin, 2005] , turbulent distortion of booms can vary considerably over distances of a few hundred feet. The variation in turbulent distortion causes variations in metrics, including perceived level. Figure 3a shows the distribution about the mean for the Steven's [1972] Mark VII perceived level (PL) measured at the monitors in the housing community for one event during the WSPR measurements. The event shown was the 68 th of the 110 that occurred during the measurements. There are insufficient samples to make this a meaningful measure of the distribution. If one considers the parent distribution as consisting of all the differences between measurements and their event mean, then there will more information upon which to judge the variance, and thus the confidence, of the data set. Figure 2b shows the distribution of PL from the mean of all the events measured during WSPR. It is important to note that this distribution only includes the intentional WSPR flights. a) b) FIGURE 3. a) Distribution of the binned difference levels of the Steven's Mark VII perceived level (PL) from the mean for one event. b) Count of the binned difference levels (PL) from the mean for all WSPR events. Figure 4 shows a cumulative probability plot of the WSPR boom data. The dashed line represents an ideal normal distribution. The data deviates from the straight line indicating a slight skewness to the left as can be seen in Figure 3b . This data can be considered relatively normal and the calculation of the standard deviation shown in both figures is warranted. All the metrics considered in this analysis behaved in similar manner to PL and were considered to have a normal parent distribution. FIGURE 4..Cumulative probability plot of the difference levels (PL) from the mean for all WSPR events. Table 2 details the boom metrics calculated from the measured data as estimated at participant households. Table 3 lists the standard deviations of all the metrics considered. CSEL and ZSEL show the lowest standard deviations. This is likely related to CSEL and ZSEL metrics being less affected by turbulence than the other metrics because they are weighted more toward low frequency than other metrics, while turbulent distortion is primarily a high frequency effect. [Stevens, 1972] calculated using a time constant of 70 msec and averaging across the two peaks, which means 3 dB is subtracted from the 1/3 octave band levels calculated from the spectrum for the entire boom before the PL metric is calculated [Shepherd and Sullivan, 1991] . CSEL, ASEL, ZSEL C-weighted, A-weighted and Flat-weighted Sound Exposure Level (SEL), respectively. LLZf, LLZd
Zwicker loudness levels in phons, for frontal incidence and diffuse incidence, calculated using a time constant of 70 msec and averaging across the two peaks. PNL Kryter's [1959] Perceived Noise Level, calculated using a time constant of 70 msec averaging across two peaks. MaxPSF Peak overpressure in psf. In order to gauge the confidence of the interpolated metrics, one needs to compare the interpolated value to a measurement. One way to do this is to remove one of the monitors from the computations and interpolate the metrics at its location for comparison. Because removing one of the monitors makes the array weaker in terms of its coverage, this will give a conservative estimate of the interpolation method's accuracy.
Consider the range of all the booms measured at site Alpha in terms of their peak pressures as shown in Figure 5a . By virtue of the noise design, smaller booms are more frequent than bigger booms. Figure 5b shows the cumulative probability distribution of the difference between the interpolated PL at site Alpha and the measured value. Table 4 indicates the standard deviations at each monitor site when they are removed from the array and the metrics are estimated by interpolation. The average is nearly the same as the median, indicating little bias and few outliers in the measurement group. The standard deviation of 3.2 dB is on par with the spread of the measured data across the household area. These demonstrate very good effectiveness of the interpolation methodology.
The effect of turbulence on various metrics may also be seen in the data. The PL in Table 4 indicates that the mean interpolated values are, on average, less than measured at 5 of the 12 sites. Examination of the measured waveforms suggests turbulent distortion at those locations [Page et al, 2012] . The estimate of the PL at any site is within 2 dB of the measured value. The ZSEL shows the smallest standard deviation for the decibel metrics due to little or no attenuation of low frequency content in the metric computation. Examination of the recorded pressure waveforms for sites with larger variation indicates turbulence. a) b) FIGURE 5. a) Site alpha measured peak overpressures (psf). b) Normal probablility plot for interpolated PL minus measured levels at site alpha. 
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LOW-BOOM DIVES OVER LARGER COMMUNITIES
Booms in the WSPR project were planned using the F-18 low boom maneuver developed by NASA DFRC for the purpose of obtaining, within a limited area, low amplitude booms from a conventional N-wave aircraft. The low booms are generated from the unloaded top of the aircraft during the dive portion of the maneuver, and the lowest booms are associated with long range propagation to the locations around the edge of the carpet. The maneuver was designed by NASA DFRC with the aid of PCBoom [Page et al, 2010] . PCBoom was used for flight planning via adjustment of the dive initiation waypoint, determined by a PCBoom run with a pre-flight atmospheric profile. Figure 6 shows the PCBoom overpressure footprint for WSPR Flight 16, Pass 1. Figure 6a shows the full footprint. The housing area is indicated. Figure 6b shows a close-up of the vicinity around the housing area. Note that the gradient of the boom amplitude, in psf, is rather gentle across the housing area. PCBoom footprints do not display the spatial variations associated with turbulence. Those variations occur over distances of a few hundred feet, and must be regarded as a statistical variance relative to the expected values predicted by PCBoom. Note that the PCBoom contours exhibit irregularities. These are due to irregularities in the measured aircraft trajectory and in the atmospheric profile. a) b) Application of PCBoom to larger communities requires preparation of footprints that show PL for a given flight. Figure 7 shows the PL footprint as a shaded gradient map. The flight track is indicated by an arrow. Note that lower PL values (below 80 PLdB) cover a fairly large area on the downtrack side of the footprint, while high levels appear in the uptrack portion. This footprint would be very well suited for acceptability studies in a shoreline community, where the higher boom levels can be placed off-shore and the lower levels on land. In order to quantify the size of usable Perceived Loudness regions from typical low-boom dives, PCBoom was run using a nominal (template) trajectory and atmosphere. Perceived Loudness values based on a 1/p Taylor shock were extracted from horizontal and vertical cuts through the footprint region and tabulated. Figure 8 displays an example of a horizontal and vertical PL cut as predicted by PCBoom. The red X marks, spaced 10,000 Ft apart indicate the extracted Pmax (psf) and PL (dB) data locations. This maneuver provides a low-boom region over an east-west span of approximately 4-6 miles located towards the western edge of the footprint. Vertical cuts of data were extracted from the same footprint, at 20,000 Ft east-west intervals. This analysis suggests a north-south lowboom region ranging from a few miles on the eastern region to the full span of the footprint on the western edge, approximately 30 miles across. Clearly there is a useful low boom area, away from focal zone uptrack. This suggests future testing consider coastal communities, where the focused boom can be placed offshore. Regions below 80 PLdB are generally found to be 2-8 miles in track wise direction and 20-40 miles across track. PCBoom analysis predicts footprints with a certain degree of predictable variability and a useful subject region encompassing a scale of miles. Monitors spaced 1 to 5 miles apart in study region would verify nominal (nonturbulent) "backbone" sonic boom and contour variations. There is some variability in footprints, associated with differences in the as-flown trajectories and atmospheric profiles. Note that the variability in low boom region from propagation effects (e.g., turbulence) is not deterministically defined. Given that turbulent variations are expected over distances of several hundred feet, clusters of monitors will be needed to obtain local turbulence statistics in several regions of the subject area. Future planning and research should target techniques for quantifying turbulence effects on sonic boom footprints • nom070717w3 low boom template maneuver • Extracted Pmax and PL at "X"s (10,000 ft apart) 
